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Abstract
The ∆-isobar degrees of freedom are included in the covariant density functional (CDF) theory to study the equation of state (EoS)
and composition of dense matter in compact stars. In addition to ∆’s we include the full octet of baryons, which allows us to
study the interplay between the onset of delta isobars and hyperonic degrees of freedom. Using both the Hartree and Hartree-Fock
approximation we find that ∆’s appear already at densities slightly above the saturation density of nuclear matter for a wide range of
the meson-∆ coupling constants. This delays the appearance of hyperons and significantly affects the gross properties of compact
stars. Specifically, ∆’s soften the EoS at low densities but stiffen it at high densities. This softening reduces the radius of a canonical
1.4M star by up to 2 km for a reasonably attractive ∆ potential in matter, while the stiffening results in larger maximum masses
of compact stars. We conclude that the hypernuclear CDF parametrizations that satisfy the 2M maximum mass constraint remain
valid when ∆ isobars are included, with the important consequence that the resulting stellar radii are shifted toward lower values,
which is in agreement with the analysis of neutron star radii.
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1. Introduction
Compact stars are unique laboratories for studies of dense
hadronic matter [1–6]. The hadronic core of a compact star ex-
tends from half up to a few times the nuclear saturation density
ρ0. In the high-density region of the core a number of exotic de-
grees of freedom are expected to appear in addition to nucleons.
Possible new constituents of matter include hyperons [7–30],
delta isobars [8, 9, 31–41], and deconfined quark matter [46–
65]. The details of the composition of compact stars at high
densities are not fully understood yet. The current observational
programs focusing on neutron stars combined with the nuclear
physics modeling of their interiors are aimed at resolving the
puzzles associated with their EoS and interior composition.
Although the appearance of ∆’s in neutron star matter was
conjectured long ago [8, 31] there has been much less research
on their properties in the intervening years as compared to hy-
perons and quark matter. This may partially be a consequence
of Ref. [9] where ∆’s were found to appear at densities that are
much larger than the typical central densities of neutron stars.
Thus, ∆’s have been considered largely unimportant in neutron
star astrophysics.
Recently, a number of studies of ∆’s in neutron star mat-
ter appeared which were conducted within the CDF theory in
the Hartree approximation, i.e., the so-called relativistic mean-
field model [28, 29, 34–41]. Some of these studies ignore hy-
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perons in order to isolate the effects ∆ isobars have on the nu-
cleonic EoS and neutron star properties by choosing a particu-
lar set (in some cases several sets) of meson-∆ coupling con-
stants [29, 34, 39, 41]. The universal coupling scheme is typ-
ically adopted in these studies. In analogy to hyperons, the ∆
degrees of freedom were found to soften the EoS of neutron
star matter and to reduce the maximum mass of a compact star.
However, a simultaneous treatment of hyperons and ∆’s appears
to be mandatory in order to assess the overall effect of these new
degrees of freedom on dense matter and the gross properties of
compact stars.
The ∆ degrees of freedom in nuclear dynamics have been
studied in a number of alternative settings. ∆’s play an impor-
tant role in the studies of nucleon-pion-∆ dynamics, which re-
sum the RPA diagrams including ∆-hole loops with the ∆-hole
vertex given by g′N∆ Landau-Migdal parameter [42–44]. These
studies are mainly focused on the pion propagator and disper-
sion (condensation) in nuclear matter. More recently, ∆’s were
included in the studies of nuclear matter in the chiral approach
where the nuclear density functional is arranged in powers of
small parameters (e.g. number of derivatives of the pion field)
and ∆’s appear in virtual states [45].
The principal aim of this work is to explore, in great detail,
the competition between ∆ isobar and hyperon populations in
dense matter, and to study the impact of ∆ populations on the
properties of compact stars such as masses and radii. For that
purpose we carry out a detailed analysis of the parameter space
of the meson-∆ coupling values within the CDF theory at the
relativistic Hartree and Hartree-Fock level.
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This work is organized as follows. In Sec. 2 we outline the
CDF model and its parametrizations. Section 3 presents our
results for the EoS of dense matter and its composition. The
global properties of compact stars and their internal structures
are discussed in this section as well. Finally, a summary of our
results is provided in Sec. 4.
2. Theoretical model
2.1. CDF model for stellar matter
We start with a brief outline of our theoretical framework,
which is based on the CDF theory treated in the Hartree and
Hartree-Fock approximations. The Lagrangian density of the
model is given by
L = LB +Lm +Lint +Ll, (1)
where the first termLB is the Lagrangian of free baryonic fields
ψB, with index B labeling the spin-1/2 baryonic octet, which
comprises nucleons N ∈ {n, p}, hyperons Y ∈ {Λ,Ξ0,−,Σ+,0,−},
and the spin-3/2 zero-strangeness quartet ∆ ∈ {∆++,+,0,−}. Note
that the ∆’s are treated as Rarita-Schwinger particles [66]. The
second termLm represents the Lagrangian of free meson fields
φm, which are labeled according to their parity, spin, isospin
and strangeness. In the present model we include the isoscalar-
scalar meson σ, which mediates the medium-range attraction
between baryons, the isoscalar-vector mesonω, which describes
the short range repulsion, the isovector-vector meson ρ, which
accounts for the isospin dependence of baryon-baryon inter-
actions, and the pi meson which accounts for the long-range
baryon-baryon interaction and the tensor force. The two hidden-
strangeness mesons, σ∗ and φ, describe interactions between
hyperons. The interaction between the baryons and mesons is
described by the third termLint which has the generic form
Lint ≡ gmBτBψ¯BΓmϕmψB, (2)
where gmB is the meson-baryon coupling constant, τB ∈ {1, τ }
is the isospin matrix and Γm ∈ {1, γµ, γ5γµ, σµν} is the relevant
(Dirac-matrix) vertex. Finally, the last term Ll describes the
contribution from free leptons; we include electrons (e−) and
muons (µ−) and neglect the neutrinos which are irrelevant at
low temperatures.
Starting from Eq. (2) we carry out the standard procedure
for obtaining the density functional in CDF theories. This amounts
to finding the equations of motions from the Euler-Lagrange
equations of the theory, which for the baryon octet and leptons
have the form of the Dirac equation, whereas for the ∆ decu-
plet are given by the Rarita-Schwinger equation. The equa-
tions of motion for meson in the mean-field approximation take
the form of Klein-Gordon equation. Each of the baryon self-
energies is then decomposed in the Dirac space according to
Σ(k) = ΣS (k) + γ0Σ0(k) + γ · kˆΣV (k) (3)
where ΣS , Σ0 and ΣV are the scalar, time and space components
of the vector self-energies and kˆ is a unit vector along k. The
energy density functional is then generated by evaluating the
baryon self-energies Σ(k) in the Hartree (RMF) or Hartree-Fock
(RHF) approximations [67–70]. The detailed expressions for
self-energies are given, for instance, in Refs. [41, 71]. Note that
the pion-exchange and the tensor couplings of vector mesons to
baryons contribute only to the Fock self-energies. In β-equilibrium
the chemical potentials of the particles are related to each other
by
µB = bBµn − qBµe, (4)
where bB and qB denote the baryon number and electric charge
of baryon species B, and µn and µe are the chemical potentials
of neutrons and electrons, respectively. This, together with the
field equations and charge neutrality condition allows us to de-
termine the EoS and composition of matter for any given net
baryonic density ρ at zero temperature self-consistently.
Once the EoS is determined, the integral parameters, in par-
ticular the mass and the radius, of a compact star of given cen-
tral density can be computed from the Tolman-Oppenheimer-
Volkoff (TOV) equations [72, 73]. To do so we match smoothly
our EoS to an EoS of the inner and outer crusts [74, 75] at the
crust-core transition density ρ0/2, where ρ0 denotes the satura-
tion density of ordinary nuclear matter.
2.2. Meson-baryon couplings
We now turn to the procedure of choosing the appropriate
values of the coupling constants gm∆ between the mesons and
baryons. These have to be fitted to the experimental (empiri-
cal) data of nuclear and hypernuclear systems. In the purely
nucleonic sector the meson-nucleon (mN) couplings are given
by gmN(ρ) = gmN(ρ0) fmN(x), where x = ρ/ρ0, ρ is the baryonic
density. For the isoscalar channel, one has
fmN(x) = am
1 + bm(x + dm)2
1 + cm(x + dm)2
, m = σ,ω, (5)
which is subject to constraints fmN(1) = 1, f ′′mN(0) = 0 and
f ′′σN(1) = f
′′
ωN(1). The density dependence for the isovector
channels is taken in an exponential form 1
fmN(x) = e−am(x−1), m = ρ, pi. (6)
In the hypernuclear sector, as usual, the vector meson-hyperon
couplings are given by the SU(3) flavor symmetric quark model [11,
76] whereas the scalar meson-hyperon couplings are determined
by their fitting to empirical hypernuclear potentials. We note
that the isovector couplings are non-universal and, for exam-
ple, values gρΣ/gρN ' 1/4-1/3 are required to describe the Σ-
atom [77].
Let us focus now on the range of the meson-∆ couplings.
No consensus has been reached yet on the magnitude of the
∆ potential in nuclear matter. The phenomenological model
1For the PKO3 interaction used in this study the masses (in MeV) of nu-
cleon, σ-, ω-, ρ- and pi-mesons are 938.9, 525.6677, 783, 769, 138. The
coupling constants at the saturation ρ0 = 0.153 fm−3 are gσ = 8.8956,
gω = 10.8027, gρ = 2.0302 and fpi = 0.3929; the remaining parameters,
which describe the density-dependence of couplings can be found in Table 1
of Ref. [85].
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Table 1: The parameters of symmetric nuclear matter at saturation density and
the masses and radii of hypernuclear stars, predicted by the hypernuclear CDF
theory with PKO3 and DD-ME2 parametrizations. Upper panel: the saturation
density ρ0 (fm−3), binding energy EB (MeV), compression modulus K (MeV),
symmetry energy J (MeV) and its slope L (MeV), the Dirac mass M∗D (in units
of nucleon mass M), and the Landau mass M∗L (M) for symmetric nuclear mat-
ter. Lower panel: The mass Mmax (in solar units), radius Rmax (km) and central
density ρmax (fm−3) of the maximum-mass star, the threshold density ρcY (fm
−3)
for hyperons Λ and Ξ−, the radius R1.4 (km) and central density ρ1.4 (fm−3) for
a canonical 1.4M neutron star.
CDF Symmetric nuclear matter
ρ0 EB K J L M∗D M
∗
L
PKO3 0.153 −16.04 262.44 32.99 82.99 0.59 0.72
DD-ME2 0.152 −16.14 251.15 32.31 51.27 0.57 0.63
Hypernuclear matter
Mmax Rmax ρmax ρcΛ ρ
c
Ξ
R1.4 ρ1.4
PKO3 2.00 11.82 0.96 0.33 0.48 13.96 0.31
DD-ME2 2.00 11.83 0.93 0.34 0.38 13.22 0.34
analyses of the scattering of electrons and pions off nuclei and
photoabsorption [78–81] indicate that the ∆ isoscalar potential
V∆ should be in the range [37]
−30 MeV + VN(ρ0) . V∆(ρ0) . VN(ρ0), (7)
where VN = Σ0,ω(σ) + ΣS ,σ(ω) is the nucleon isoscalar poten-
tial. The studies of ∆ production in heavy-ion collisions [82–
84] suggest a less attractive potential [29],
VN(ρ0) . V∆(ρ0) . 2/3VN(ρ0). (8)
Below, we will use instead of gm∆ the ratio Rm∆ = gm∆/gmN .
The isoscalar potential of the ∆ isobars in symmetric nuclear
matter at saturation density is thus given by
V∆(ρ0) = Rω∆Σ0(S ),ω(ρ0) + Rσ∆ΣS (0),σ(ρ0). (9)
The isovector meson-∆ couplings are largely unknown. It has
been found that the critical density of the onset of ∆’s is most
sensitive to the ratio Rρ∆ [37, 39]. In our numerical study we use
two representative parametrizations of the nucleonic CDF the-
ory based on the density-dependent meson-baryon couplings,
specifically the relativistic Hartree-Fock PKO3 parametrization [85]
and the relativistic Hartree DD-ME2 parametrization [86]. Both
parametrizations describe successfully the properties of finite
nuclei. We will use the extensions of these models to the hy-
pernuclear sector as given in Ref. [71]. In this work the meson-
hyperon couplings have been chosen to: (a) reproduce the em-
pirical potentials of hyperons in nuclear matter deduced from
nuclear structure calculation and (b) produce heavy 2M com-
pact stars [87]. In Table 1 we list the key parameters of sym-
metric nuclear matter and some properties of hyperonic stars
predicted by the two models. Note that the combined analy-
sis of terrestrial experiments and astrophysical observations [6]
predict values for the symmetry energy J = 31.7 ± 3.2 MeV
and its slope L = 58.7 ± 28.1 MeV at saturation density. The
J value predicted by both parametrizations are compatible with
the central value of 32 MeV, while the value of L predicted by
PKO3 is located at the upper bound of the preferred range.
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Figure 1: Effects of ∆-isobars on the EoS and mass-radius relation of compact
stars. (a) EoSs for different ∆ potential depths V∆(ρ0) = (1 ± 1/3)VN (ρ0), npY
denotes the hyperonic matter, (b) the corresponding mass-radius relations. The
gray shading indicates the mass of PSR J0348+0432. The yellow, pink, and
cyan shading indicate the radius range of canonical 1.4M neutron stars set by
Refs. [88–90]. Notice that the ordering of the EoSs according to their stiffness
depends on the density interval. The ω-∆ coupling constants are fixed as 1.1,
while the σ-∆ coupling constants are adjusted to the potential depths V∆(ρ0),
which corresponds to Rσ∆ = 1.075 ± 0.125. The results are calculated for the
RHF parametrization PKO3.
3. Results and discussions
In this section we investigate the competition between ∆
isobars and hyperons in dense stellar matter and their effect on
the properties of compact stars. In a first step, we will analyze
the EoS of stellar matter with ∆’s for selected sets of Rm∆ val-
ues, which are motivated by the constraints shown in Eqs. (7)
and (8); note that the value of the potential V∆ does not fix any
of the couplings, rather it provides a relation between Rω∆ and
Rσ∆. This illustrates the general features that emerge when ∆
isobars are included. In the second step, we construct the EoS
and the associated stellar models for a continuum of meson-∆
couplings which span the complete parameter space. This pro-
vides insight into the dependence of the stellar parameters on
Rm∆, which, in turn, permits us to narrow down the meson-∆
parameter space using the astrophysical constraints.
3.1. Illustrative cases
We start with several illustrative examples which are con-
structed as follows: (a) the Rω∆ parameter is kept fixed at a
value of 1.1, which leads to the largest masses of compact star
for our parameter space (to be discussed in Fig. 3 below); (b) all
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isovector meson couplings are set equal to the meson-nucleon
coupling; (c) the potential V∆ is varied within the bounds set by
Eqs. (7) and (8) by tuning the Rσ∆ parameter.
In Fig. 1(a) we show the EoS of ∆-admixed-hypernuclear
(npY∆) matter for three values of the isoscalar potential V∆(ρ0).
For comparison, we also show the case of matter without ∆’s,
i.e., npY matter. The corresponding mass-radius relations of
compact-star models computed for these EoS are shown in Fig. 1(b).
In the case of npY matter the abrupt change in the slope of the
pressure at baryonic density ρ ' 0.33 fm−3 is the result of the
onset of hyperons in matter. It is seen that if ∆’s are included
in the composition, the EoS is softened at low and stiffened
at high densities. This is the more pronounced the deeper the
V∆(ρ0) potential.
These modifications in the EoS affect the mass-radius rela-
tions of neutron-star models as depicted in Fig. 1(b). It is seen
that accounting for ∆’s reduces the radii of models from their
values obtained for hypernuclear and nuclear matter EoS. This
is a consequence of the softening of the EoS at low to interme-
diate baryonic densities. Note that the ∆’s may appear already
at densities slightly above the nuclear saturation density, which
implies that even low-mass (' M) compact stars can be af-
fected by ∆ populations. As expected, the larger the V∆(ρ0)
potential, the larger is the observed shift in the radius. For ex-
ample, for V∆(ρ0) = 4/3VN(ρ0) the radius of a canonical 1.4M
neutron star is about 2 km smaller than the radius of its purely
hyperonic or nucleonic counterpart. At the same time, ∆’s lead
to marginally greater maximum masses of compact stars, be-
cause of the stiffening of the EoS in the high-density region.
The deeper the potential V∆(ρ0) the larger the star’s maximum
mass.
Figure 2 shows the particle fractions for several selected
values of the V∆(ρ0) potential. In the case of hyperonic mat-
ter without ∆’s, shown in Fig. 2(a), the first hyperon to appear
is the Λ, which is followed by the Ξ− hyperon. The Σ− hyper-
ons appear only briefly, because they are disfavored due to their
repulsive potential at nuclear saturation density. This sequence
of hyperon thresholds is consistent with the recent hypernuclear
CDF computations of Refs. [16, 26, 28, 30]. In the cases when
∆’s are taken into account the following new features are ob-
served: (1) The ∆-threshold density could be at much lower
density than that for the first hyperon (i.e., the Λ). The larger
the potential V (N)
∆
the lower the onset threshold for ∆’s. (2)
The first ∆ isobar to appear is the ∆−, which eliminates the Σ−
entirely and significantly shifts the threshold for the Ξ−; the
threshold of the Λ hyperon is also shifted but to a lesser extent.
(3) In the case of a strongly attractive potential V∆ ≤ VN , the
∆0,+ resonances appear at intermediate to high densities, in ad-
dition to the ∆−. (4) Electric charge neutrality, maintained by
baryons and leptons, implies that the onset of the ∆− not only
shifts the threshold of Ξ− hyperons, but leads also to a deple-
tion of the negatively charged lepton population, especially that
of muons. (5) For V∆ ≥ 2/3VN the threshold for the onset of
∆’s is reached in a canonical 1.4M neutron star. Furthermore,
the central density of the maximum-mass star is larger by about
0.1 fm−3 than in the absence of ∆’s.
The inclusion of the ∆-isobars in the EoS of neutron stars
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Figure 2: Particle fractions in npY (panel a) and npY∆ (panels b, c, d and e)
matter. The ∆ potential depths are V∆ = 1/3VN (b), 2/3VN (c), VN (d) and
4/3VN (e). The thick vertical lines indicate the central density of the respective
canonical 1.4M neutron star, the yellow shadings indicate densities beyond
the maximum mass configurations. The results are calculated by using the RHF
parametrization PKO3.
can impact their cooling through modifications of the direct
Urca (DU) neutrino emissivities in the star’s core. The onsets
densities of the electronic versions of DU processes in purely
npY and npY∆ matter are listed in Table 2. We recall that for
npY matter, the nucleonic DU process (n→ p+ e− + ν¯e) occurs
only for the PKO3 parametrization, while the hyperonic DU
processes operate for both PKO3 and DD-ME2 parametriza-
tions as soon as hyperon states are populated [71]. In npY∆
matter the early appearance of the ∆− causes a significant in-
crease in the proton (p) fraction but a decrease in the e− frac-
tion (see Fig. 2). As a result, the onset of the nucleonic DU
process is slightly shifted toward lower densities for the PKO3
parametrization. This also results in a delay in the onset of
the Λ → p + e− + ν¯e process as the density increases. The
∆− → Λ + e− + ν¯e process proceeds for both parametrizations
shortly after the Λ’s appear, which occurs for stars with masses
M ≥ 1.5M. The Ξ− → Λ + e− + ν¯e process is absent at high
density due to the very low fraction of leptons. Our specula-
tions above show that the inclusion of ∆’s may cause substantial
4
Table 2: The threshold densities (in fm−3) for the onset of direct Urca processes
in npY matter (rows 1 and 3) and in npY∆ matter with V∆(ρ0) = VN (ρ0) (rows
2 and 4). No entry means that the process is forbidden. The rows 1 and 2
correspond to PKO3, and rows 3 and 4 to the DD-ME2 parametrizations. The
thresholds (from left to right) corresponds to the following processes: n →
p + e− + ν¯e, ∆− → Λ + e− + ν¯e, Λ→ p + e− + ν¯e, and Ξ− → Λ + e− + ν¯e.
CDF Composition ρDUn ρ
DU
∆− ρ
DU
Λ
ρDU
Ξ−
PKO3 npY 0.282 - 0.329 0.536
npY∆ 0.271 0.431 0.458 -
DD-ME2 npY - - 0.341 0.382
npY∆ - 0.358 0.366 -
modifications in the rates at which neutrinos are emitted from
neutron stars. It will be worthwhile to explore these modifica-
tions in numerical cooling simulations.
3.2. Meson-∆ coupling space
Having established some general trends, we would now like
to explore the parameter space in a more systematic manner.
We will still keep the isovector meson-∆ couplings in accord
with the universal scheme, i.e., Rρ(pi)∆ = 1.0. Instead of having
Rω∆ = 1.1 we will now allow for variations of Rω∆ ∈ [0.8; 1.6]
and Rσ∆ − Rω∆ ∈ [−0.20; 0.20]. As we will see below, such
a range captures the most interesting region of the parameter
space spanned by the masses and radii of the models.
The three panels in Fig. 3 show the value of the maximum-
mass star, the radius of this star, and the radius of a canoni-
cal 1.4M star, computed for the PKO3 parametrization. Fig-
ure 4 shows the same quantities but computed for the DD-ME2
parametrization. The white areas indicate the range of cou-
plings for which the EoS is unphysical due to either a negative
Dirac baryon mass or a non-monotonic pressure. The grey pix-
els indicate that no ∆-isobars are populated. The lines of con-
stant values of the potential V∆ = (1 ± 1/3)VN are also shown.
Figures 3 and 4 display some common features on which we
comment first; we will return to differences below. It is seen that
(a) the maximum masses increase when the couplings Rm∆ are
increased, i.e., when moving from the lower-left corner to the
right. For Rm∆ ≤ 1.0, i.e., when ∆’s interact weaker than nucle-
ons, the stellar masses are close or slightly below the 2M limit
(i.e., the purely hyperonic case). For the parameter space con-
sidered here, the stellar masses are consistent with the current
observational limits on pulsar masses. The heaviest stars appear
when both V∆ is most attractive and the difference (Rσ∆ − Rω∆)
is largest. (b) The smallest radii of the maximum-mass stars
are located in the region where Rω∆ ∼ 1.0 and Rσ∆ ∼ 1.1, i.e.,
the most massive compact stars are not automatically also the
most compact ones. Quite generally, the radii of stars contain-
ing ∆’s in their cores are smaller than the radii of their nucle-
onic/hyperonic counterparts. (c) For neutron stars with canon-
ical masses of around 1.4M we find a strong reduction of the
radius of about ≤ 2.5 km. The most compact stars, in this case,
are those for which the coupling Rσ∆ is maximal. This reduc-
tion may help to achieve a better agreement of the theoretical
model parameters of neutron stars with observations. Indeed
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Figure 3: Contour plots for the gross properties of compact stars in the parame-
ter space spanned by Rω∆ and (Rσ∆−Rω∆). Shown are the: (a) maximum mass,
(b) radius of the maximum mass star, and (c) radius of a canonical 1.4M star.
The dashed lines show the constant values of the potential V∆ = (1 ± 1/3)VN .
The solid line in the lower-left corner of panel (a) means that the configura-
tions contain ∆’s but have a mass equal to the purely hyperonic star. The white
areas indicate coupling sets for which no physical solutions exist. The mass
and radii for purely hyperonic matter are marked by horizontal arrows pointing
at the labels. To obtain these results we used the RHF parametrization PKO3.
Analogous contour plots for relativistic mean-field models were first obtained
in Ref. [28].
the models with hyperons only produce R = 13.9 km for a
M = 1.4M model star, which is close to the upper range of
radii (14 km) inferred in Refs. [88, 90, 91]. But it fails to satisfy
the 13.2 km upper bound obtained in Refs. [89, 92]. However,
if ∆’s are included and the coupling constants are chosen such
that Rσ∆ ≥ Rω∆, the radius of the M = 1.4M model is suffi-
ciently reduced so that the latter constrained is satisfied too.
The trends discussed above can also be seen in Fig. 4. One
sees that for the PKO3 parametrization ∆’s appear already for
Rω∆ − Rσ∆ = −0.20 irrespective of the value of Rω∆, while for
the DD-ME2 parametrization ∆’s are absent when Rω∆ −Rσ∆ ≤
−0.10. This can be traced back to the differences in the isoscalar
and isovector sectors of the nucleonic CDF models [39], as it is
the nucleonic CDF model that determines the critical density of
∆.
We have also examined the dependence of the compact star
properties on the isovector meson-∆ coupling by setting V∆ =
VN and Rω∆ = 1.1 while varying Rρ(pi)∆ in the range [0; 3].
(We recall that the V∆(ρ0)-potential is independent of Rρ(pi)∆.)
We find that modifications of the isovector couplings change
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Figure 4: Same as Fig. 3, but for the RMF parametrization DD-ME2. The grey
pixels show areas where no ∆-isobars are populated.
the critical densities of delta isobars (for example, an increase
' 0.04 fm−3 for ∆− is observed over the entire range), which
changes the particle fractions. Nevertheless, the maximum-star
mass is insensitive to changes in Rρ(pi)∆. Indeed, varying Rρ(pi)∆
within the bounds mentioned just above decreases the maxi-
mum mass by only about 0.02M for both parametrizations.
The radii are almost unchanged for the maximum-mass con-
figurations, while they increase by about 0.3 km for canonical
1.4M neutron stars. This is because (a) the energy and pres-
sure densities are dominated by the isoscalar channels and (b)
the isovector couplings vanish exponentially at large densities
in the present model. We conclude that there are no significant
changes in stellar parameters associated with the variations of
the isovector meson-∆ coupling.
4. Summary and conclusions
In this work, we have studied models of stellar matter which
contain the full baryon octet and the delta decuplet within the
CDF theory. We have used a class of models of CDF which fea-
ture density-dependent meson-baryon couplings. The meson-∆
coupling constants cannot be unambiguously constrained with
the available empirical data. Therefore we have conducted a
parameter study which included assumptions about the strength
of the ∆ potential in nuclear matter and a variation of couplings
of the ∆’s to mesons with strength close to that for nucleons.
Our results indicate that ∆ isobars may indeed appear in dense
nuclear matter for a wide range of meson-∆ coupling constants.
We find that the appearance of ∆’s softens the EoS in the
low to intermediate-density region and stiffens it at high den-
sities. This has two important effects on the global parameters
of neutron stars: firstly, the maximum mass of a compact star
increases by a small amount. Because the hypernuclear CDF
parametrizations, employed in this work, satisfy the 2M max-
imum mass constraint, the inclusion of ∆’s affect this feature
only mildly. Secondly, and more importantly, the radius of a
compact star decreases considerably, by about 2 km, for stars
with a canonical mass of around 1.4M once ∆’s are included.
We argued above that ∆’s may also have a significant ef-
fect on the thermal evolution of compact stars, because they
lead to changes in the particle concentration, which changes
the thresholds and efficiency of the nucleonic and hyperonic
DU processes. Furthermore, ∆−’s would contribute to the emis-
sivity of the star via the DU process ∆− → Λ + e− + ν¯e, which
has an efficiency comparable to that of the nucleonic counter-
parts [33]. This process requires coexistence of ∆−’s and Λ’s
which occurs in stellar models with M ≥ 1.5 M. Therefore, a
natural extension of the present work would be to simulate the
cooling of neutron stars containing ∆’s in their centers.
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